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ABSTRACT
Moisture-tempering is typically performed prior to first break in wheat milling operations to enhance
separation of bran, germ, and endosperm. To improve the milling performance and to increase yield,
a better knowledge of moisture distribution and migration in individual wheat grains during tempering
is essential. The research described herein was conducted to demonstrate the non-destructive
measurement of the three-dimensional (3D) distribution of moisture in a single wheat grain.

A 3D magnetic resonance imaging (MRI) technique was adapted for the probing of single wheat
grains at storage moistures (c. 12% wet basis). The technique is demonstrated in this report on one
grain. A 3D projection reconstruction (3DPR) technique was used to acquire high resolution proton
density images. The spatial resolution of the images was 94×94×94 lm3. The 3D proton density
images were related to the 3D moisture distribution in the wheat grain. At 12% moisture content,
the moisture distribution in the starchy endosperm of the wheat was not uniform. The variation of
the moisture distribution was from 7·3% to 16·4% wb.
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controlling milling, dough handling, and bakingINTRODUCTION
operations. Traditional studies of moisture within

The distribution and migration of moisture in a grain have involved its physical dissection. Such
wheat grains during storage are important for a procedure is disruptive to the location of the

moisture and does not permit the examination of
diffusion within the same grain. Thus, an in situ : 3D=three-dimensional; PR=
procedure for moisture measurement is desirable.projection reconstruction; MRI=magnetic resonance
Acoustic measurement1 and microwave heating2

imaging; w.b.=wet basis; FT=Fourier transform; T2=
were investigated as indirect indications of mois-spin-spin relaxation time; TE=echo time; RF=radio

frequency; 2D=two-dimensional; T1=spin-lattice re- ture content. Magnetic resonance (MR) spec-
laxation time. troscopy has also been used for non-destructive
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[wet basis (wb)] moisture3, in whole grain wheatonly and does not imply endorsement by the U.S. Department of
Agriculture. and barley4 and in wheat in the 8 to 15% wb
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range5. However, none of these methods permit
the investigation of how moisture is distributed
within the seed.

Two-dimensional (2D) magnetic resonance im-
aging (MRI) has been applied to single grain
research during the past 10 years6,7. More recently,
three-dimensional (3D) MRI at sub-millimeter res-
olution has been used to measure moisture dis-
tribution in single grains. Three common methods
are used for capture and processing of 3D MR
images: (in order of increasing complexity and
sensitivity8) (1) multislice, (2) three-dimensional
Fourier transform (3DFT), and (3) three-dimen-
sional projection reconstruction (3DPR). Briefly,
the multislice method collects imaging data from
multiple two-dimensional slices in sequence. Once
slice 1 is excited and data collection from this slice
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is completed, slice 2 is excited and so on until the
repetition time for image contrast has elapsed,Figure 1 Three-dimensional layout of a wheat grain. Planes

(i.e. faces of surrounding cube) are labelled according to word whereupon the process begins anew with slice 19.
associated with each orthogonal axis pair. Grain is situated In the 3DFT method, the 3D Fourier transform
with the germ nearest to the proximal plane and the crease of the images is recorded directly. This methodnearest to the ventral plane.

Figure 2 The 3D proton density of a wheat grain displayed as a series of 2D MR image slices (numbered within each set
from upper left to lower right): (a) Dorsal-to-front view set (slices 1–23), (b) right-to-left view set (slices 1–21), and (c) distal-
to-proximal view set (slices 1–35).—contd opposite
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utilises a sequence of switched gradients and has EXPERIMENTAL
the advantage that reconstruction of the image

Mature soft red winter wheat grains were stored atcan be performed by straightforward Fourier trans-
0–5°C for approximately 15 months after harvest.formation. A drawback is the time requirement
One to two weeks prior to MRI analysis the grainsfor switching between three orthogonal gradients were allowed to reach moisture equilibrium withinduring an imaging cycle. Only partial signal energy the laboratory (c. 20–23°C, 50% RH). Averageis acquired during the observation period because moisture content of the samples was approximatelyof the spin–spin relaxation time decay of the 12% wb. For the example presented in this report,

transverse magnetisation when the other two gra- a medium-size sound grain was selected for im-
dients are present. With the 3DPR method, the aging at room temperature.
image is reconstructed from each of a sufficient A Bruker MSL-400 (Bruker Instruments, Inc.,
number of projections of the magnetic resonance Billerica, MA, U.S.A.) spectrometer (9·4 Tesla)
signal intensity from the sample10–14. Each profile with a gradient coil was used to acquire images of
is back-projected in a direction orthogonal to the individual wheat grains. A custom-made 5-mm
applied magnetic field gradient from which it diameter solenoid radio frequency (RF) probe was
was produced. The projection is then Fourier built to specifically fit a single wheat grain. The
transformed and multiplied by a filter function. axial length of the RF coil was 15 mm, with the
This product is then inversely transformed to give wheat grain (typically 6-mm long) positioned in
one filtered projection. A final image is formed by the centre of the RF coil during imaging. The
back-projecting the filtered projection onto the gradient amplifier switching time was 1 ms, a
image plane with interpolation15. One of the ad- major limiting factor for better quality images of
vantages of this method is that all volume elements solid-state samples such as low-moisture wheat.
contribute to each projection. Also within each Images were reconstructed and processed on a
imaging cycle, three gradients are always on with- Sun SPARCstationTM computer with an image
out switching, hence there is no loss in transverse processing software package (“Viewit,” National
magnetisation for gradient switching. The sensi- Centre for Supercomputing Applications, Urbana,
tivity of the 3DPR technique is invariably higher IL, U.S.A.) and custom-written software.
than that of 3DFT. The disadvantages of the A 3DPR technique with a Hahn spin-echo pulse
3DPR method are, a higher sensitivity to magnetic sequence21 was applied to acquire microscopic 3D
field inhomogeneity and a requirement of large images of wheat grains. This is the most common
computational power for image reconstruction. pulse sequence used in MRI. The signal intensity,

In a study on the cracking in soybeans during S, from a volume element (voxel), assuming a
rectangular pulse profile, isdrying (initial moisture contents of 25–35% wb),

both multislice and 3DFT methods were sufficient
for monitoring moisture loss, though the latter S=N(H) [1−2e−(TR−TE/2)/T1+e−TR/T1] [e−TE/T2] [e−bD]
method provided better resolution16. Three- (1)
dimensional moisture distribution and structural
changes in individual corn grains during drying where N(H) is the proton density, TE is echo
(36 to 20% wb) have also been measured by time (the time between the 90° RF pulse and the
3DFT17–19. Recently, a 3DFT pulse sequence formation of the spin echo), and TR is the sequence
was used to obtain 3D proton images (78 lm× repetition time (the time to perform the total
62 lm×62 lm spatial resolution) of single wheat sequence), T1 is spin–lattice relaxation time and
grains at c. 12% wb20. The signal intensity of the T2 is the spin–spin relaxation time of the voxel. D

is the water diffusion coefficient and b is a constant.images, however, was too weak in the endosperm
Because D is a very small value, the diffusion factorto reveal fine detail on the distribution of moisture.
exp(−bD) is almost unity. By varying the two user-The objective of this study was to refine the
selected delay times, TE and TR, this sequence can3DPR MRI technique to measure the distribution
be used to highlight spin-density N(H), T1, or T2of moisture in single wheat grains at storage mois-
effects. For most biological materials, TE is usuallyture levels, and to demonstrate this technique with
much smaller than TR, thereforeone grain as an example. Because of its importance

to milling performance, the moisture distribution
S=N(H) [1−e−TR/T1] [e−TE/T2] (2)in the endosperm was of specific interest.
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Figure 3 One central 2D proton image from each orthogonal view: Left image=slice 12 in dorsal-to-ventral view set,
middle image=slice 11 in right-to-left view set, right image=slice 16 in distal-to-proximal view set.

After S, T1, and T2 of a voxel are measured, and an average isotropic spatial resolution of (94 lm)3.
To simplify image processing, the endospermexperimental parameters TE and TR are set up,

the proton density N(H) of the voxel can be de- was assumed uniform, thus all endosperm voxels
were considered to have a constant relaxationtermined as
time. With this assumption, the MR signal within
regions of the endosperm becomes proportionalN(H)=S[1−e−TR/T1]−1 [eTE/T2] (3)
to proton density N(H), and hence proportional to
the concentration of moisture or oil: the higherThe magnetic gradient strengths in all three
the moisture content, the brighter the image.directions were 9·8×10−2 Tesla/m. The total

number of projections was 3542 with the number
of data points per projection being 128. The RESULTS AND DISCUSSIONsequence delay time between two projections was
500ms and TE was 2·66 ms. The data acquistion A 3D image of a wheat grain is shown as a

series of 2D contiguous slices in three orthogonaltime for each scan was 29·5 min. Because of the
solid state of low-moisture wheat, eight scans were directions. The planes (dorsal=closest to dorsal

surface; ventral=closest to ventral surface, rightacquired for each image to increase the signal-to-
noise ratio. The total time required to acquire or left=closest to respective side; distal=closest

to distal end, proximal=closest to proximal end)each 3D image was 3 h 56 min. The temperature
of the sample chamber during the experiment was that define the orientation of the slices are shown

in Figure 1. The T1 and T2 of the wheat grain werecontrolled by circulating room temperature air
(20°C) in the probe. The field of view was a sphere measured as 100 ms and 1.99 ms, respectively.

Hence, the experimental parameters resulted in awith 6mm radius. This parameter set resulted in
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Figure 4 Two-dimensional proton image of wheat grain endosperm (slice 16 of right-to-left view set).

T2-weighted image. Because the T2 of the en- In the right-to-left views [Fig. 2(b)], the bright
spot at the bottom (slices 4–13) is the image of thedosperm was considered constant, the T2 factor

only reduced image signal intensity by a constant germ. The dark vertical band in the centre of
image slices 7 through 14 represents the crease.[exp(-TE/T2)=0·2645]. Therefore, the image

intensity represented the proton density in the Varying moisture level is evident in the right slices
(4–6) and the left slices (15–20). Compared to theendosperm, which was proportional to the

moisture distribution. dorsal-to-ventral views, the moisture distribution
was more uniform, though there was still variationFigure 2(a) shows the dorsal-to-ventral views of

the grain. The dark boundary of the images is the in the endosperm. The moisture was higher near
the periphery and lower in the interior (slices 5,pericarp. The very bright irregularly shaped spot

at the bottom of slices 1 through 12 is the germ. 6, and 15–17).
From the distal-to-proximal views [Fig. 2(c)],In slices 11 through 19, the white vertical lines

near midspan are likely surface condensation on the wide, bright area in the left region of slices 21
through 33 is the germ. The white spots in thethe epidermis within the crease region. The re-

maining region, shown as grey and within the right central region of slices 6 through 26 are
attributed to the surface condensation on the epi-pericarp but outside the germ and crease, is the

endosperm. The moisture distribution in the endo- dermis within the crease region. Ring-like higher
moisture distribution areas under the pericarp aresperm was relatively uniform in slices 3 through 5.

From slice 6 through slice 21, the dark region in evident in slices 9 through 23. Inside the ring,
though still within the endosperm, the darkerthe centre and the bright ring inside the pericarp

indicate that the moisture was lower in the centre appearance of the image suggests a lower water
concentration than in the ring itself.than in the outer region.
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